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Human DMRT1 (Doublesex-Mab3-Related Transcription factor 1) encodes a male-specific transcriptional regulator with a conserved zinc-
finger-like DNA-binding domain, so called DM domain, which is similar to male sexual regulatory genes doublesex of Drosophila and mab-3 of
Caenorhabditis elegans. As a key transcription factor critical to sex determination and differentiation, however, human DMRT1 nuclear import
mechanism remains unknown. We have identified a functional nuclear localization signal (NLS) located between the two intertwined zinc-binding
sites of the DM domain. Site-directed mutagenesis indicates that K92 and R93 within the DM domain are critical for DMRT1 nuclear localization.
Analysis of deletion mutants shows that importin-β1 binds directly to DMRT1 via the DM domain, mediating its nuclear import. Co-
immunoprecipitation analysis confirms the interaction of mouse Dmrt1 in Sertoli cells with importin-β1 in vivo. In addition, in vitro docking or
nuclear transport assay in digitonin-permeabilized cells shows that DMRT1 is docked at the nuclear pore complex (NPC) or accumulated in the
nucleus when importin-β1, but not importin-α1 added. Furthermore, transduction of anti-importin-β1 antibody into live Sertoli cells effectively
inhibits DMRT1 nuclear import. These results suggest that zinc finger domain of DMRT1 functions as a nuclear localization signal and DMRT1 is
transported into the nucleus in an importinβ1-mediated manner. Thus, effective nuclear import of DMRT1 and its interaction with importin-β1
insure the nuclear retention of the DMRT1 and further exertion of its influence on downstream targets in the cascade of sexual development.
© 2007 Elsevier B.V. All rights reserved.Keywords: Transcription factor; Nuclear localization; Importin; DM domain1. Introduction
A gene termed DMRT1 (Doublesex-Mab3-Related Tran-
scription factor 1) is located on human 9p24.3 and deletion of
this region including DMRT1 is associated with defective
testicular development and consequent 46, XY feminization [1–
3]. Human DMRT1 encodes a transcription factor with a DNA-
binding domain, termed DM domain, which is similar to male
sexual regulatory genes doublesex of Drosophila melanogaster
[4] and mab-3 of Caenorhabditis elegans [5]. Both doublesex
and mab-3 play important roles in sex determination and male-
specific differentiation. The expression of alternative spliced
Dmrt1 transcripts is associated with the sex reversal of the
teleost swamp eel [6]. A Dmrt1 knockout mouse demonstrated⁎ Corresponding authors. Fax: +86 27 68756253.
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doi:10.1016/j.bbamcr.2007.03.006that the gene is required for testis differentiation after
determination [7,8]. In birds, DMRT1 is Z-linked and there is
a higher dosage in the male (ZZ) than in the female (ZW) [9–
11]. Opposite to the bird DMRT1, the gene is on platypus
chromosome X5, being present in two doses in females and one
in males [12]. However, the unprecedented localization of
DMRT1 on the sex chromosomes in a mammal and its
conserved roles in sexual development in both vertebrates and
invertebrates raise a possibility that a DMRT1-based sex-
determining system was ancestral to all mammals.
These data show that the DM genes play important roles in
sex determination and differentiation in a variety of animal
species from invertebrates to mammals. As a key transcription
factor critical to sex determination and differentiation, to date,
however, human DMRT1 nuclear import mechanism remains
elusive.
The double-membrane structure of the nuclear envelope
restricts nuclear access. To pass through the nuclear pore,
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transport components, which recognize specific nuclear import
or export signals on these cargo proteins [13–15]. Although the
nuclear localization signal (NLS) sequences are not conserved,
they generally belong to one of two basic amino acid-rich
patterns. Monopartite NLS consists of a short stretch of 4–6
basic amino acids, which is represented by the NLS
(PKKKRKV) present in the SV40 large T antigen [16].
Bipartite NLS contains two stretches of basic amino acids and
a spacer of 10–12 amino acids [17]. In classical nuclear import,
the NLSs on cargo proteins are recognized by members of the
importin protein super-family. The cargo-importin-α/-β com-
plex is transported into the nucleus through the nuclear pore
complex [18,19]. Several recent data have demonstrated that
certain proteins are transported into the nucleus by importin-α
alone [20], or by importin-β alone [21–24]. Some proteins may
bind to both importin-α and -β in an independent manner [25].
It seems that individual transcription factor may have special
nuclear import mechanism, which is still not understood well.
Here, we examined the regulatory mechanism of human
DMRT1 nuclear transportation using in vitro and in vivo assays.
We found that DMRT1 is directly bound and translocated into
the nucleus by importin-β1. The investigation on nuclear
translocation of transcription factor DMRT1 will undoubtedly
contribute to our understanding the mechanism for sex
determination and differentiation.
2. Materials and methods
2.1. Materials
Tissues use for the reported studies was approved by the Institutional Board
of the Ethics Committee of Wuhan University under full consideration of the
declaration on human rights of Helsinki. Specific pathogen free (SPF), 10-dpp
male mice of the KM strain were purchased from the Experiment Animal Center
of Wuhan University and housed in a conventional animal facility. All
procedures were approved by the university's Animal Research Ethics Board.
2.2. Cell preparation and transfection
Sertoli cells were cultured as described previously [26]. 40 h after plating,
cells were treated with 10 mM Tris (7.4) for 2 min to remove germ cells.
Following hypotonic shock, cells were maintained in Dulbecco's Modified
Eagle's Medium (Invitrogen, Carlsbad, CA, USA) containing 10% fatal bovine
serum (HyClone, Logan, Utah, USA). COS-7 and HeLa cells were maintained
in DMEM supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml
streptomycin. Cells growing on a cover glass were transfected with plasmids for
24 h using LipofectAMINE PLUS™ reagent as suggested by the supplier
(Invitrogen). Hoechst 33258 (Sigma, St. Louis, MO, USA) was used to visualize
the nuclei, and then visualized by fluorescence microscopy (Leica, Bensheim,
Germany).
2.3. Plasmid constructs
The pEGFP-DMRT1 recombinant plasmid was constructed by cloning a
full-length cDNA encoding the entire human DMRT1 into the BglII and HindIII
sites of pEGFP-N1 (Clontech, Mountain View, CA, USA). Full-length Human
DMRT1 cDNA (GenBank accession No. NM_021951) was a gift from Dr.
Philippe Berta. Various DMRT1 deletion mutants were generated by cloning
mutant DNA fragments into pEGFP-N1 (Clontech). For recombinant protein
expression in bacteria, a full-length DMRT1 cDNA was cloned into the EcoRI
and SalI sites of pET-28a (Amersham Biosciences, Uppsala, Sweden). Theplasmids pGEX-2T-importinα1 (GenBank accession No. D55720) and pGEX-
2T-importinβ1 (GenBank accession No. D45836) were kind gifts of Dr. Yoneda.
All constructs were confirmed by sequencing.
2.4. Antibodies
Anti-importin-α1 (sc-6917), anti-importin-β1 (sc-11367), anti-GST-Tag
(sc-459) and anti-GFP-Tag (sc-8334) polyclonal antibodies were purchased
from Santa Cruz Biotech (CA, USA). Rabbit polyclonal antibody to DMRT1
was raised against a purified DMRT1 fusion protein containing His tag fused
to the N-terminal of DMRT1. Cy3-labeled goat anti-rabbit secondary antibody
(C2306) was purchased from Sigma. All other secondary antibodies were
purchased from Pierce (Rockford, USA).
2.5. Protein expression and purification
Recombinant GST, GST-importin-α1 and GST-importin-β1 proteins were
expressed in Escherichia coli (BL21), and purified by affinity chromatography
on glutathione-Sepharose 4B as suggested by the manufacturer (Amersham
Biosciences). Recombinant His-tagged DMRT1 protein was purified using
HiTrap affinity columns according to the manufacturer's instruction (Amersham
Biosciences).
2.6. ELISA-based binding assay
An established ELISA-based assay [27,28] was used to determine binding
affinity of importin subunits to DMRT1 protein. DMRT1 protein was coated
onto 96-well microtiter plates and incubated with increasing concentrations of
importin subunits, and bound importin-GST was detected using an anti-GST
primary antibody, an alkaline phosphatase-coupled secondary antibody, and the
substrate p-nitrophenyl phosphate. Data were fitted to the function B/Bmax )=
[Kd+x+p−x(−Kd−x−p)2−4px]]/2p, where x is the total concentration of
probe (free+bound importins), B is the level of importin bound, and p is the
total concentration of protein, with the apparent dissociation constants (Kd)
representing the importin concentration yielding half-maximal binding.
2.7. Solution binding assay
Purified recombinant GST-importin-α1 or GST-importin-β1 proteins were
incubated for 30 min at room temperature with HiTrap affinity columns
pretreated with purified His-DMRT1 protein. After washing, the proteins were
subjected to SDS-PAGE/Western blotting analysis, using anti-GST antibody.
2.8. GST pull-down assay
Cells transfected with plasmid were lysed at 24 h post-transfection with Lysis
Buffer containing 150 mM NaCl, 1% Nonidet P-40, 50 mM Tris–Cl (pH 7.5),
50 mM NaF, 50 mM glycerphosphate, 2 mM EDTA, 10% glycerol plus 1×
protease inhibitor cocktail. The cell lysates were then incubated for 4 h at 4 °C
with glutathione-Sepharose 4B beads pretreated with GST (negative control),
GST-importin-α1, or GST-importin-β1 respectively. After washing, the pro-
teins were subjected to SDS-PAGE/Western blotting analysis, using anti-EGFP
antibody.
2.9. In vitro nuclear transport assay
Briefly, HeLa cells grown on coverslips were permeabilized with cold
Nuclear Transport Buffer (NTB: 20 mM HEPES [pH 7.3], 110 mM potassium
acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM
DTT, and protease inhibitor cocktail) containing 55 μg /ml digitonin (Sigma) for
5 min. The cells were washed once with cold NTB, and excessive buffer was
removed. Subsequently, the cells on a coverslip were treated with a small
amount of Nuclear Transport Cocktail and incubated at 30 °C for 45 min. A
complete Nuclear Transport Cocktail contained HeLa cell cytosol (∼ 20 mg/ml),
recombinant His-tagged DMRT1 protein, and an energy generating system
(1 mM ATP, 0.5 mM GTP, 5 mM creatin phosphate, 20 units of creatin
phosphokinase/ml, and protease inhibitor cocktail [Sigma]). For the docking
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HeLa cell cytosol, as previously described [29,30]. Importin-α1/-β1 was
depleted by anti-importin-α1/-β1 antibodies from HeLa cell cytosol and
confirmed by Western-blot analysis. For reconstitution experiments, purified
recombinant importin-α1 (0.1 mg/ml)/importin-β1 (0.1 mg/ml) were added to
the cytosol depleted of the importins as previously described [31]. Nuclear
import was determined by immunofluorescence using anti-DMRT1 antibody.
2.10. Cryosection and Immunohistochemistry
Tissues were embedded in OCT medium (Tissue Tek, Miles, Elkhart, IN,
USA) and frozen at −20 °C, and serial 7-μm sections were cut with a cryostat
(Leica, Bensheim, Germany). The expression of DMRT1, importin-α1 and
importin-β1 proteins was analyzed using anti-DMRT1, anti-importin-α1 and
anti-importin-β1 antibodies (1:100) and the SABC and DAB visualization
methods according to the manufacturer's instructions (Boster Company, China).
2.11. Immunofluorescence
Mouse Sertoli cells were fixed with methanol for 20 min at −20 °C and then
permeabilized with 0.1% Triton X-100 in PBS for 10 min. After treated with 5%
BSA for 20 min at room temperature, cells were incubated with primary
antibody (anti-DMRT1 or anti-importin-β1) overnight at 4 °C. After washing
with PBS, the cells were subjected to indirect immunofluorescence using Cy3-
labeled goat anti-rabbit IgG (Sigma). Nuclei were stained with Hoechst33258,
and then visualized by fluorescence microscopy (Leica).
2.12. Co-immunoprecipitation
Mouse Sertoli cells were lysed in IP buffer containing 50 mM Tris–Cl (pH
7.5), 140 mM NaCl, 1% Nonidet P-40, 2 mM EDTA and complete inhibitorFig. 1. Nuclear localization of human DMRT1. (A) Sequence comparison of the hu
NLSs. The DM domain contains a zinc module consisting of intertwined CCHC and
different species reveals a high degree of conservation around the putative NLS regio
surface of the zinc module and proposed to contact DNA in Drosophila DSX that is a
adult human testis, in which the nuclei of Sertoli cells, spermatogonia and spermatocy
(40×, C from box in B) amplification. (For interpretation of the references to colourcocktail. The lysate was centrifuged at 100,000×g for 30 min at 4 °C and
precleared with Protein G PLUS-Agarose (Santa Cruz Biotech). The precleared
lysates (1 mg of protein) were incubated with 1 μg of anti-importin-β1 antibody
for 12 h at 4 °C. Samples were washed three times with NP-40 lysis buffer,
resuspended in 5× protein sample buffer, and placed in a boiling water bath for
5 min followed by SDS-PAGE and immunoblotting with anti-importin-β1
antibody or anti-DMRT1 antibody.
2.13. PULSin-based antibody transduction
Mouse Sertoli cells grown on a cover glass were transduced with an anti-
importin-β1 antibody, normal goat IgG (negative control) and R-phycoerythrin
(positive control), using a PULSin™ protein delivery reagent (Polyplus
Transfection, Illkirch cedex, France) according to the manufacturer's instruc-
tion. At 6 h post-transduction, GFP-DMRT1 (wild-type) plasmid was
transfected into Sertoli cells for 12 h using LipofectAMINE PLUS™ reagent.
The localization of GFP-DMRT1 was detected by fluorescence microscopy
(Leica).3. Results
3.1. DMRT1 contains a functional NLS sequence in the DM
domain
To analyze the nuclear localization signal of human DMRT1,
comparison of available DM domain from different eukaryotes
showed a highly conserved two basic clusters (KGHKR and
KK) between amino acids 89 and 104 with high similarity to theman DMRT1 NLS with the consensus sequences for monopartite and bipartite
HCCC Zn2+-binding sites (red and green boxes). Sequence comparison among
n of DMRT1 (gray shade). The arrow highlights residue K93, conserved on the
lso essential for DMRT1 nuclear localization. (B) Immunostaining of DMRT1 in
tes are stained positively. The sections were visualized at low (20×, B) and high
in this figure legend, the reader is referred to the web version of this article.)
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was localized in the zinc module consisting of intertwined
CCHC and HCCC Zn2+-binding sites (Fig. 1A). Presence of the
nuclear localization signal of human DMRT1 is coincident with
cellular localization of the protein. As shown in Fig. 1B
analyzed by immunohistochemistry experiment using antibody
directed against human DMRT1 protein, the DMRT1 protein
was present in the nucleus of Sertoli cells, spermatogonia and
spermatocytes in adult human testis.
To analyze the putative NLS in human DMRT1, we first
cloned the full-length cDNA and several deletion mutants of
human DMRT1 into pEGFP-N1 vectors (Fig. 2A). Both GFP-
DMRT1(1-118) and GFP-DMRT1(72–118) deletion constructs,
which contains putative NLS sequence, can efficiently target the
GFP to the nuclei (Fig. 2B). Deletions of DMRT1(119–373)
and DMRT1(1–71), which lack the DNA-binding domain and
putative NLS sequence, resulted in the retention of GFP in the
cytoplasm. These results suggested that the DM domain is
important for nuclear localization. Further deletion construct
GFP-DMRT1(89–118) were able to target the fusion protein
into the nuclei, while GFP-DMRT1(72–88) could not, suggest-
ing that the DMRT1 segment spanning amino acids 89–118
including putative NLS sequence is important for DMRT1
nuclear localization.
To further analyze key sites of the nuclear localization signal,
we generated three double point mutations within the NLSFig. 2. The NLS is located in the DM domain of human DMRT1. (A) Construction m
EGFP (a) is pEGFP-N1 as a positive control. (B) Protein localization of wild-type hu
COS-7 cells. Wild-type DMRT1, GFP-DMRT1(1–118) and GFP-DMRT1(72–118)
the GFP to the nuclei. Deletions of DMRT1(119–373), DMRT1(1–71) and GFP-DM
GFP in the cytoplasm (GFP panels). The merged images of GFP and Hoechst (DNA
fluorescent microscope (magnification 100×).region, and examined the nuclear localization of each mutant in
transfected COS-7 cells. As shown in Fig. 3, GFP-DMRT1(89–
104) K103A–K104A double point mutants were mostly
localized to the nucleus. However, the double point mutants
GFP-DMRT1(89–104) K92A–R93A and GFP-DMRT1 (full-
length cDNA) K92A–R93A were mostly localized in cyto-
plasm, suggesting that the K92 and R93 are critical for the
DMRT1 nuclear localization.
3.2. DMRT1 protein is recognized by importin-β1 with higher
binding affinity than by importin-α1
To assess whether DMRT1 may enter the nucleus through a
conventional importin-dependent pathway, recombinant His-
DMRT1, GST-importin-α1 and GST-importin-β1 were
expressed in bacteria and purified, and DMRT1-importin
binding was assessed using an established ELISA-based
binding assay (Fig. 4). DMRT1 was found to bind with high
affinity to importin-α/-β complex (Kd of 11.6±1.0 nM, n=2),
importin-β1 (Kd of 16.4±0.4 nM, n=2) and importin-α1 (Kd of
24.3±0.6 nM, n=2), comparing with low affinity to GST (Kd
of 340±21 nM, n=2). The binding affinity of DMRT1 for both
importin-α1 and importin-β1 is dose-dependent. However, the
affinity of DMRT1 for importin-β1 is significantly higher than
for importin-α1. These results suggested that DMRT1 has high
binding affinity for importin-β1 in the absence of importin-α1.aps of wild-type DMRT1 (b) and several deletion mutants (c–h) fused to EGFP.
man DMRT1 and its deletion constructs (a–h above respectively) in transfected
deletion constructs, which contain putative NLS sequence, can efficiently target
RT1(72–88) which lack of putative NLS sequence, resulted in the retention of
) are shown in Merged panels. All of the localizations were visualized under a
Fig. 3. K92 and R93 are critical for DMRT1 nuclear localization. Construction maps of wild-type DMRT1 NLS and several site-directed mutants (b–e in upper panel).
EGFP (a) is pEGFP-N1 as a positive control. The lower panels represent the localization of wild-type DMRT1 NLS (b) and site-directed mutants (c, d and e) in
transfected COS-7 cells and cell nuclei were stained with Hoechst. The GFP-DMRT1(89–104) and GFP-DMRT1(89–104) K103A–K104A double point mutant was
localized to the nucleus. GFP-DMRT1(89–104) K92A–R93A double point mutant mostly localized in the nucleus, while some diffuse into the nucleus (d, inner
panel). GFP-DMRT1 K92A–R93A double point mutant were localized mainly in the cytoplasm. The merged images of GFP and Hoechst (DNA) are shown in Merged
panels (magnification 100×).
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competitively binding of importin-β1
Since both importin-α1 and Importin-β1 have ability to
bind to the DMRT1 protein, importin-β1 may compete with
importin-α1 for binding to DMRT1. Solution binding assay
for DMRT1 and importin-α1 in the presence of different
concentrations of importin-β1 protein was performed to
assess whether the competition exists (Fig. 5). When theFig. 4. Importin-β1 interacts with DMRT1 with higher affinity than importin-α1
using an ELISA-based binding assay. Microtiter plates were coated with His-
DMRT1 protein and incubated with increasing concentrations of recombinant
GST, GST-importin-α1, GST-importin-β1 and GST–importin-α/β complex.
Bound importins were detected using an anti-GST primary antibody, an alkaline
phosphatase-coupled secondary antibody, and the substrate p-nitrophenyl
phosphate. Results are from a single experiment performed in triplicate
representative of three separate experiments, with the apparent dissociation
constants (Kd) for importin/DMRT1 binding indicated.molar ratio of importin-α1 and importin-β1 were 10:1 and
5:1, both importin-α1 and importin-β1 bound to DMRT1. At
a molar ratio of 1:1 between importin-α1 and importin-β1,
DMRT1 bound to importin-β1, but not to importin-α1. When
molar ratio of importin-α1 and importin-β1 were 1:5 and
1:10, DMRT1 bound to importin-β1. The results indicated
that importin-α1 binding to DMRT1 was inhibited by
competitively binding of importin-β1, although importin-α1
and importin-β1 can bind to DMRT1 in the absence of the
other importin.Fig. 5. Importin-α1 binding to DMRT1 is inhibited by competitive binding of
importin-β1. Purified recombinant His-DMRT1 (10 μg) was immobilized on
HiTrap affinity columns, to which different amounts of purified recombinant
GST-importin-β1 were added and incubated in the presence (1 μg, lanes 2–6) or
absence (lane 7) of importin-α1. The amounts of importin-β1 used were: lane 1,
0 μg; lanes 2, 0.2 μg; lanes 3, 0.4 μg; lanes 4, 2 μg; lanes 5, 10 μg; lanes 6, 20 μg
and lanes 7, 2 μg. The molar ratios of these amounts between importin-α1 and
importin-β1 are 10:1 (lane 2), 5:1 (lane 3), 1:1 (lane 4), 1:5 (lane 5) and 1:10
(lane 6) respectively. After washing, the proteins bound to the beads were
analyzed by SDS-PAGE/Western blot using an anti-GST antibody.
Fig. 7. In vitro docking assay in digitonin-permeabilized cells suggests that
importin-β1, but not importin-α1, mediates DMRT1 nuclear import. Purified
recombinant His-DMRT1 (0.1 mg/ml) proteins were used as nuclear import
substrates in an energy generating system, in which recombinant importin-α1 or
importin-β1 was used as a source of import factor. Transport buffer was as a
control. DMRT1 docking at NPC (→) and in the cytoplasmic (*) compartments
as shown by immunostaining with an anti-DMRT1 antibody (a–c) and DNA
staining (d–f). Merged images are shown in panels g, h and I (magnification
100×).
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importin-β1
We further generated several DMRT1 deletion mutants (as
described previously) and then examined their ability of binding
to importin-β1 (Fig. 6A). Deletion GFP-DMRT1(119–373) and
GFP-DMRT1(72–88) have nearly no binding ability for both
importin-α1 and importin-β1, indicating there is no binding site
within these two regions of DMRT1. In contrast, GFP-DMRT1
(1–118), GFP-DMRT1(72–118) and GFP-DMRT1(89–118)
has full binding ability for importin-β1, suggesting that the
region encompassing amino acid residues 89–118 within the
DM domain is required for DMRT1 binding to importin-β1.
GFP-DMRT1(1–71) alone bound also to both importin-β1 and
importin-α1 at a lower level. However, neither GFP-DMRT1
(72–118) nor GFP-DMRT1(89–118) could bind to importin-α1
(Fig. 6B).
3.5. Importin-β1, but not importin-α1, mediates DMRT1
nuclear import in vitro
To test the hypothesis that importin-β1 is directly respon-
sible for DMRT1 nuclear import, we carried out in vitro
docking assays. Digitonin-permeabilized HeLa cells were
incubated with His-DMRT1 in the presence of purified
recombinant GST-importin-α1 or GST-importin-β1 and an
energy generating system. Since Ran protein and GTP were not
added, DMRT1 was not expected to be in the nucleus but
docked at the nuclear pore complex (NPC) by this assay
[18,19]. Wild type DMRT1 efficiently was docked the NPC in
the presence of importin-β1, but importin-α1 did not (Fig. 7).
Furthermore, in vitro nuclear transport assays showed accumu-
lation of DMRT1 in the nucleus when the addition of HeLaFig. 6. Interaction of different regions of human DMRT1 with importin-β1 and
importin-α1. Cells transfected with wild-type DMRT1 and deletion mutants
were lysed at 24 h post-transfection, and then the cell lysates were incubated
with glutathione-Sepharose beads coupled with GST-importin-β1 and GST-
importin-α1 proteins (10 μg). Subsequently, proteins bound to the beads were
analyzed by SDS-PAGE/Western blot using an anti-GFP antibody.cytosol (containing GTPase Ran) and ATP in the presence of
importin-β1 (Fig. 8Bb). In contrast, the cytosol lacking
importin-β1 could not support DMRT1 nuclear accumulation
(Fig. 8Ba). These results demonstrate that importin-β1, but not
importin-α1, is responsible for DMRT1 nuclear import,
although both can bind to DMRT1.
3.6. Importin-β1 mediates DMRT1 nuclear import in vivo
We further determined whether Importin-β1 mediates
DMRT1 nuclear import in vivo. Immunofluorescence showed
that Dmrt1 localized in the nucleus of primary mouse Sertoli
cells, while importin-β1 expressed in the cytoplasm and nuclear
membrane (Fig. 9A). However importin-α1 was not detected in
the Sertoli cells (data not shown). These results clue that the
nuclear import of Dmrt1 in Sertoli cells is mediated by
importin-β1 alone in lack of importin-α1. Co-immunoprecipi-
tation was then used to detect the interaction of Dmrt1 and
importin-β1 in the primary mouse Sertoli cells. As shown in
Fig. 9C, Dmrt1 protein of about 40 kDa was co-precipitated
with importin-β1 from mouse Sertoli cell lysate by anti-
importin-β1 antibody, confirming the interaction of Dmrt1 with
importin-β1 in vivo.
Moreover, we transduced anti-importin-β1 antibody or
normal IgG into primary mouse Sertoli cells using PULSin™
protein delivery reagent prior to transfection with GFP-
DMRT1 (wild-type) plasmid. The transduction of anti-
importin-β1 antibody into Sertoli cells effectively inhibited
GFP-DMRT1 nuclear import (Fig. 10a), in contrast, transduc-
tion of non-specific IgG into Sertoli cells did not affect the
nuclear localization of GFP-DMRT1 (Fig. 10b). These results
Fig. 8. In vitro nuclear transport assay suggests that importin-β1, but not importin-α1, mediates DMRT1 nuclear import. (A) Purified recombinant His-tagged DMRT1
proteins were used as nuclear import substrates in the presence of transport buffer or in the presence of HeLa cytosol and an energy generating system (+Cytosol).
Merged, the images of DMRT1 were merged with that of the nucleus (Hoechst). (B) Purified recombinant His-tagged DMRT1 proteins (0.1 mg/ml) were used as a
nuclear import substrate in the presence of HeLa cytosol depleted of either importin-β1 (a) or importin-α1 (c). Depleted cytosol was supplemented with purified
recombinant importin-β1 (b) or importin-α1 (d). HeLa cytosol incubated with normal rabbit IgG was used as a negative control (e). The merged images of DMRT1 and
Hoechst (DNA) are shown in panels f–j. Magnification, 100×. (C) Depletion of the importin proteins from HeLa cytosol was confirmed by Western-blot analysis.
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import in vivo.
4. Discussion
Few targets of regulation by DM factors have yet been clearly
identified, and most of the data are obtained from DSX of
Drosophila and MAB-3 of C. elegans [32,33], which were
focused on the yolk protein gene (Yp). Further identification of
interactive factors with human DMRT1 will determine how the
DMRT1 operate on the cascade of sex determination and
differentiation. As a male-specific transcriptional regulator, the
nuclear import of DMRT1 may regulate expression of other key
factors during sexual development. We have identified the
functional NLS of human DMRT1, and further found that the
nuclear import of DMRT1 is mediated by interacting with
importin-β1. Both the interaction between the DMRT1 and
importin-β1 and import of DMRT1 into the nucleus will insure
the nuclear retention of the DMRT1, and thus exertion of its
influence on downstream targets in the nucleus in the cascade of
sexual development. Indeed, Dmrt1 mutant germ cells fail to
undergo several of the normal postnatal events of germ cell
development and Sertoli cells fail to polarize and form tight
junctions and fail to cease proliferation [8]. Expression profiling
in Dmrt1 mutant testes indicates defects in several important
testicular signaling pathways (Gdnf, retinoic acid, TGFβ, FSH),
and detects elevated expression of the pluripotency markerStella/Dppa3/Pgc7, while Sertoli cell maker Gata-4/Gata-1 is
also expressed abnormally [7,8].
We found that the NLSs of DMRT1 is localized in the DNA-
binding domain. In fact, NLS of many transcription factors are
located within or in the vicinity of their DNA-binding domain,
including zinc finger factors [34], homeodomain factors [35],
HMG box factors [36], and helix–loop–helix factors [37]. The
DM domain seems to have bi-potential functions, both DNA
binding and nuclear import. It appears that this economical
design should be conserved during evolution.
The DM domain contains a zinc module consisting of
intertwined CCHC and HCCC Zn2+-binding sites [38]. In
human DMRT1, a highly conserved two basic clusters (KGHKR
and KK) between amino acids 89 and 104 similar to the
consensus sequences for classical bipartite NLS is localized in
these sites. Residue H91 of the human DMRT1 NLS, which
corresponds to H59 in Drosophila DSX, is a ligand-binding
residue for the first Zn2+-binding site [39,40]. Residues K59 and
R60 of DSX, corresponding to K92 and R93 of human DMRT1,
are in the chain connecting the two ligand-binding sites. We
found that DMRT1 K92A–R93A double point mutant was
localized mainly in cytoplasm suggesting that K92 and R93 are
key components of the NLS of human DMRT1. Interestingly,
residue K93, conserved on the surface of the zinc module and
proposed to contact DNA in Drosophila DSX is also essential
for DMRT1 nuclear localization. Human DMRT1 NLS has also
similar to that of zebrafish Terra [41]. It seems that the structure
Fig. 9. Importin-β1 interacts with DMRT1 in vivo. (A) Dmrt1 and importin-β1
proteins are expressed in primary mouse Sertoli cells. Immunofluorescence
staining of methanol-fixed primary mouse Sertoli cells showing nuclear staining
of Dmrt1 (a). Importin-β1 proteins localized in cytoplasmic and nuclear
membrane (b). Sertoli nuclei were stained with Hoechst (c, d) and merged
images are shown in panels e and f (magnification 40×). (B) Purified DMRT1
protein and mouse testis lysate were analyzed by SDS-PAGE/Western blotting
using anti-DMRT1 polyclonal antibody, to test the specificity of the antibody.
(C) Importin-β1 co-immunoprecipitates Dmrt1 in primary mouse Sertoli cells.
Sertoli cells were immunoprecipitated with anti-importin-β1 antibody and
association of these two proteins was evaluated by SDS-PAGE and
immunoblotting with anti-importin-β1 (top panel) and anti-DMRT1 (bottom
panel). The Input lane contains 1/5 of the lysate volume used for each
immunoprecipitation. IP, immunoprecipitation. Beads alone, no anti-importin-
β1 as a control.
Fig. 10. Anti-importin-β1 antibody inhibits DMRT1 nuclear import in vivo.
Primary mouse Sertoli cells were transduced with an anti-importin-β1 antibody
(a), normal rabbit IgG (negative control, b) and R-phycoerythrin (positive
control, c), prior to transfection with GFP-DMRT1 (wild-type) plasmid. The
localization of GFP-DMRT1 in the nuclear (→) and the cytoplasmic (*)
compartments and DNA staining (d–f) were detected by fluorescent microscope
(magnification 40×). Merged images are shown in panels g, h and i. Statistical
DMRT1 subcellular localization was represented in the corresponding graph:
nuclear DMRT1 (black bars), cytoplasmic DMRT1 (white bar) and nuclear+
cytoplasmic DMRT1 (grey bars).
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members during evolution.
We are surprised by the finding that DMRT1 could bind to
both importin-α1 and importin-β1, since DMRT1 does not
contain any known cNLS (carboxyl-terminal NLS), which could
be recognized and be bound by importin-α through its carboxyl-
terminal region. However, further studies by both ELISA-based
and solution binding assays confirmed the finding. The results of
ELISA-based binding assay suggested that the affinity of
DMRT1 for importin-β1 is significantly higher than for
importin-α1 in the absence of the other importin. Subsequently,
solution binding assay was carried out using different molar
ratios of importin-α1 and importin-β1 led us to conclude that
importin-α1 binding to DMRT1 was inhibited by competitively
binding of importin-β1, although DMRT1 could bind both
importins. This observation suggests that a similar preferential
binding of DMRT1 to importin-β1 may occur in the cytoplasm,
since the low protein concentrations (Fig. 4) used for our
experiments are more relevant to physiological conditions
(nanomolar range). Therefore, the formation of the DMRT1–importin-β1 complex may readily occur under normal cyto-
plasmic conditions, resulting in effective DMRT1 nuclear
import.
GST pull-down assay using DMRT1 deletion mutants
suggested that the DM domain (amino acids 72–118) contains
binding site for importin-β1. The mutants DMRT1(72–118),
DMRT1(89–118) and wild type DMRT1 showed a comparable
binding affinity for importin-β1 while the mutant DMRT1(119–
373) did not bind to importin-β1 at all, suggesting that the DM
domain is necessary and sufficient for stable binding to importin-
β1. Interestingly, the mutant DMRT1(1–71) could both bind to
importin-α1 and importin-β1, albeit at lower affinity. These data
clue that there is only one binding site for importin-α1, but both
DMRT1(72–118) and DMRT1(89–118) may be required for
more stable binding to importin-β1 in vivo. All known proteins
transported into the nucleus by importin-β1 appear to require a
large stretch of protein segment [21,23,42], which suggest that
importin-β uses characteristic long helices like a pair of
chopsticks to interact with cargo protein by structural interac-
tions. Moreover, protein nuclear localization mediated by
importin-β1 may also require a specific amino acid sequence
xKxxKxx [25], which is also appear in human DMRT1 protein
(88LKGHKRF94).
It has been reported that all importin-αmRNAswere detected
in spermatogonia, not in Sertoli cells [43], while Knpb1 mRNA
and importin-β1 protein were detected within mitotic Sertoli and
germ cells during fetal and early postnatal development in
812 M. Ying et al. / Biochimica et Biophysica Acta 1773 (2007) 804–813mouse and rat testes [44]. Our findings confirm these results and
further experiment using co-immunoprecipitation demonstrate
that importin-β1 interacts in Sertoli cells with DMRT1 in vivo.
Moreover, we demonstrated DMRT1 efficiently docking at the
NPC by adding purified recombinant importin-β1, but not
importin-α1 in digitonin-permeabilized HeLa cells. Further-
more, transduction of anti-importin-β1 into live Sertoli cells
effectively inhibited GFP-DMRT1 nuclear import. These data
suggest that importin-β1 is a key factor required for the initiation
of DMRT1 nuclear import.
Nuclear translocation of male-specific transcription factor is
an important developmental event in male differentiation. It is
known that in XY female sex-reversed patients that contain
mutations in the NLS regions of SRY, sexual development
reverts to the default female pathway [45]. It has been found that
several mutations in either Zn2+-binding sites or tail within the
DM domain of D. melanogaster DSX and C. elegans Mab-3
cause intersex development [5,46]. It is interesting that whether
the mutations within the potential NLS in human DMRT1 can
also affect development of sex-specific phenotypes. Detailed
knowledge of the nuclear import pathway of male-specific
transcriptional regulator DMRT1 will be certainly critical to our
understanding the mechanism of human testis development.
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